The utilization of glucose and acetate by lactating mammary tissue in vitro has been demonstrated by Folley & French (1949a , 1950 . The observation that these substrates are metabolized with a high respiratory quotient is regarded as evidence for their utilization in milk-fat synthesis.
In the present paper an account is given of experiments on the metabolism of pyruvate in mammary tissue. The evidence obtained suggests that the Krebs citric acid cycle is operative in the mammary gland. However, only a fraction of the pyruvate metabolized is oxidized completely and a large part appears to be utilized in synthetic reactions, a conclusion supported by the use of 2:4-dinitrophenol (DNP), which is known to inhibit synthetic reactions by interfering with the transfer of phosphate-bond energy generated by the Krebs cycle (Lipmann, 1946; Loomis & Lipmann, 1948 Stadie & Riggs (1944) , were shaken in three changes ofice-coldsaline to remove as much milk aspossible; they were then blotted and 100-150 mg. portions weighed on a torsion balance and placed in the prepared media in Warburg flasks. These slices will be referred to as 'nondepleted' or 'untreated' slices. 'Depleted' ti88ue. In order to reduce their stores of preformed substrates,the sliceswere subjected in bulk to a preliminary incubation for 1 hr. at 370 in a 100 ml. measuring cylinder containing 50 ml. of saline through which a rapid stream of 0, was passed. The tissue was then again shaken in ice-cold saline, blotted, and weighed portions transferred to Warburg flasks. 'Depleted' slices were used in all experiments described in this paper, unless otherwise stated. Dry weight8. At the end of the experimental period the cups were cooled in ice water and HCI added (final conen. 0-04N); the tissue portions were removed from the media, washed in distilled water and dried in a steam oven overnight. All metabolic quotients were calculated from the final dry weight of the tissue. The ratio final dry weight/ initial wet weight was 0-14-0-15 for lactating mammary gland slices, and 0-4-0-5 for pregnant mammary gland slices.
* Preliminary communication, Termer (1950) . Biochem. 1951, 50 Saline media. Phosphate saline without calcium (Krebs & Eggleston, 1940) was the standard medium. The bicarbonate saline of Krebs & Henseleit (1932) was used in some experiments.
Analytical method8. Pyruvate was estimated by the method of Friedemann & Haugen (1943) . The method involving extraction with benzene or toluene gave the same results as the direct method ('total hydrazones') and the latter was in a few determinations used for greater speed. The period of incubation of the sample with 2:4-dinitrophenylhydrazine was 5 min. in all cases.
Citric acid was determined by the method of Weil- Malherbe & Bone (1949) , acetoacetic acid according to Krebs & Eggleston (1945) , lactic acid by the method of Barker & Summerson (1941) and glucose by the method of Nelson (1944) . For the estimation of 'total bound carbohydrate' the tissue in its medium (after withdrawal of a 0-5 ml. sample for pyruvate estimation) was hydrolysed with N-KOH at 100°for 30 min., followed by hydrolysis in N-H2SO4 at 100°for 180 min. Reducing sugar was then determined by the method of Nelson (1944) and calculated as glucose. For the determination of steam-volatile fatty acids, 1-2 g. portions of depleted mammary gland slices were incubated in large manometric flasks (Krebs & Eggleston, 1945) containing 20 ml. of saline and added substrates. At the end of the incubation period, 5 ml. of 2 N-H,SO4 were added and the tissue removed. The media were deproteinized with tungstic acid and steam distilled in the apparatus described by Markham (1942) ; this was followed by redistillation from HgO according to Friedemann (1938) . The distillates were analysed by liquid-gas partition chromatography (James & Martin, 1951 (Table 4) .
The role of fumarate in the metabolism of pyruvate, the inhibitory effect of malonate, its reversal by fumarate, and the formation of citric acid during the metabolism of pyruvate are evidence suggesting the operation ofthe citric acid cycle in the mammary gland (see Krebs & Eggleston, 1940) .
Effect of DNP on metabolism of pyruvate. In the course of a study of the effect of inhibitors on the metabolism of pyruvate in lactating mammary gland slices of the rat, rabbit and sheep, the addition of 2 x 1o-4M-DNP was found to cause a large increase ofthe 02 uptake in the presence ofpyruvate plus fumarate (Fig. 1 ). When added in the absence of pyruvate, DNP caused inhibition of the endogenous respiration (cf. Dodds & Greville, 1934 (Table 5) . No citric acid measurable by the experimental technique employed was found after incubation in the presence of DNP. In most experiments the increase of 02 uptake due to DNP greatly exceeded the extra 02 consumption that might have been expected from the complete oxidation of the citric acid accumulated in the absence of DNP (Table 4) . Pyruvate metabolism of non-lactating mammary ti,ssue. The largest and most regular increases in oxygen consumption on addition of DNP to mammary tissue metabolizing pyruvate were observed at the height of lactation. Mammary gland slices from pregnant rats (20th day of pregnancy), despite their low rate of respiration (Q02 about -1, cf. Folley & French, 1949b) , showed a distinct increase of oxygen consumption on addition of pyruvate and 2 x 10-4M-DNP (Fig. 2) .
Formation of acetic acid. In view of the in vitro utilization of acetate by the mammary gland (Folley & French, 1950) , accumulation of acetate derived from the oxidative decarboxylation of pyruvate is not to be expected. Acetate was found in small amounts in the steam distillates ofthe media recovered from large-scale experiments (see Experimental section), and was increased when pyruvate was present. Traces of propionic, butyric and isobutyric acid found in some samples may have been (Table 6) .
tained in the presence of pyruvate. Formation of lactic acid. Only small amounts of lactic acid were formed from pyruvic acid in the presence or absence of DNP (Table 7) .
Formation of acetoacetic acid. Acetoacetic acid was not found in measurable amounts after incubation of mammary gland slices with fumarate and pyruvate, in the presence or absence of DNP.
Changes in-tissue carbohydrate. Rat mammary gland slices washed in several changes of saline contained 0-25-0-3 % of 'total bound carbohydrate' (see Methods section). On incubation without added substrates, the carbohydrate content decreased slightly, but was approximately main- C. TERNER Effect of DNP on glucose metabolism. In contrast to its stimulating effect on the oxygen uptake of mammary tissue metabolizing pyruvate, 2 x 10-4M-DNP did not increase, and in most experiments inhibited, respiration when glucose was the substrate (Table 9 ). Lower concentrations of DNP (2 x 10-5M) stimulated respiration in the presence of glucose (Table 10 ). This may be partly due to the stimulation by DN-P of aerobic glycolysis (see Dodds & Greville, 1934) . 5 x 10-5M-DNP was variable in its effect on glucose metabolism, causing definite stimulation in some experiments, and definite inhibition in others. It therefore appears that DNP affects carbohydrate metabolism in at least two ways: (1) by influencing the glycolytic breakdown of glucose to pyruvate; (2) by influencing the pathways of pyruvate metabolism, causing the larger part of pyruvate to be oxidized through the Krebs cycle.
It follows that in the presence ofDNP in high concentration the formation of pyruvate from glucose will be inhibited and the stimulating effect of DNP on the metabolism of pyruvate will not be apparent. It is of interest, in this connexion, that in some experiments in which acetate was present in addi- Additions None Glucose Glucose, 10-5M-DNP Glucose, 2 x 10-5M-DNP Glucose, 5 x 10-5im-DNP Glucose, 2 x 10-4m-DNP -Qo0 2-6 6-8 6-4 10-5 2-7 2-3 tion to glucose, 2 x 1O-4M-DNP caused some stimulation of 02 consumption by mammary gland slices of the rabbit (Table 5) , although in most experiments Q0, was inhibited by DNP in the presence of both glucose and glucose plus acetate. It seems plausible that 2-carbon fragments derived from acetate can under suitable conditions supplement the supply of 2-carbon fragments, thus enabling the Krebs cycle to proceed at an adequate rate.
Effect of fluoroacetate. Bartlett & Barron (1947) found that fluoroacetate inhibits the 02 uptake and pyruvate utilization of tissue slices (kidney, heart, liver) and of minced muscle. Similar results were obtained with mammary gland slices ( Table 5) . As in yeast (Kalnitsky & Barron, 1947; Black & Hutchens, 1948) , inhibition of respiration and pyruvate utilizationwere most nearlycompletewhen fluoroacetate (0-005-0-05M) was present before pyruvate was added. Delayed addition of fluoroacetate often resulted in 30-50 % inhibition of pyruvate utilization and respiration. In other experiments, fluoroacetate (0-01-0-025M) did not inhibit the oxygen uptake ofmammary tissue metabolizing pyruvate. According to Bartlett & Barron This may result in a low 02/pyruvate ratio of the same order as in the absence of the inhibitor, so that conditions may obtain in which the respiration is not appreciably altered by the addition of fluoroacetate. When added to tissue slices metabolizing pyruvate in the presence of DNP, fluoroacetate caused progressive inhibition of 02 consumption (Table 11) . Experiments in bicarbonate saline. In bicarbonate saline in equilibrium with 5 % C02 and 95% 02, DNP sometimes caused a marked acceleration ofthe disappearance of pyruvate (Table 12) , while in experiments in phosphate saline in which C02 was absorbed by alkali, Qpy.rte was not or not appreciably increased by DNP. In bicarbonate saline a large decrease ofpressure was observed in the manometers containing pyruvate and DNP. This was due to the retention of C02, which could be recovered
During the complete oxidation of glucose the uptake Of 02 and the evolution of C02 will balance. If, however, the pyruvate formed from glucose were incompletely oxidized, an increase of pressure should be observed; e.g. in the case of the formation of acetate, 4 mol. of C02 would be evolved and 2 mol. Of 02 taken up, resulting in the evolution of 2 mol. of gas per mol. of glucose disappearing. C6H12O0 + 02 + 2HC00 = 2CHC0 . C000 + 2C02 + 4H20 (3) 2CH32. CO . CO0 + 02-+2CH3COO-+ 2C02, (4) the overall reaction being C6H1206 + 202 + 2HC0O-32CH2C00-+ 4C02+ 4H20. (5) This is illustrated in Table 12 , which shows manometric pressure changes of the relative magnitude and in the direction expected from the above con- from the medium by addition of acid at the end of the incubation period. A smaller uptake of gas was observed when pyruvate was metabolized in the absence of DNP, while an evolution of gas occurred when glucose was the substrate. When 1 mol. of pyruvate disappears by oxidation to C02 and water, the liberation of one equivalent of base results in the retention of 1 mol. of C02 as bicarbonate. The disappearance of pyruvate by complete oxidation may therefore be formulated thus:
CH3 .C0. 000-+ 2-5 02-+202+H03 + 120. (1) Accordingly, for every mol. of pyruvate completely oxidized, the change of pressure in the manometer should be equivalent to the uptake of 0-5 mol. of gas. In the case of incomplete oxidation ofpyruvate resulting in the formation of other acidic products less C02 will be retained; e.g. in the reaction CH3. CO. C00-+ j02-*CHC000-+ C02. (2) 0-5 mol. of gas should be evolved per mol. of pyruvate disappearing. (Krebs & Henseleit, 1932) ; gas, 5 % C02 + 95 % 03; fumarate (0-005m) and fluoride (0.005M) in all cups; pyruvate, 0-01 M; DNP, 2 x 10-9M; incubation period 2 hr.
Method of Dickens & gimer (1931) (Table 6) , other acidic products, e.g. fatty acids, may be formed from pyruvate in mammary tissue.
Measurements of the respiratory exchanges by the method of Dickens & Simer (1931) showed that DNP increases the 02 consumption of mammary gland slices metabolizing pyruvate in bicarbonate saline and at the same time decreases the R.Q. (Table 13) .
DISCUSSION
Endogenous and substrate res8piration of mammary ti8sue. In comparing the oxygen consumption and substrate utilization of a tissue which has a high endogenous respiration, the problem arises whether the increase of oxygen consumption is due to the oxidation of the added substrate, and whether and to what extent the oxidation of endogenous substrates has been reduced (cf. Potter, 1944) . According to Krebs & Eggleston (1940) utilization of depleted tissue. At any rate the error will be small when the endogenous respiration is low and the oxygen consumption in the presence of the added substrate is high.
Kreb8 cycle in the nammary gland. The relationship between fumarate and malonate in the metabolism of pyruvate in mammary gland slices is similar to that originally demonstrated by Krebs & Eggleston (1940) in minced pigeon-breast muscle. Moreover, in depleted mammary tissue, small amounts of citric acid were found to accumulate during the aerobic metabolism of pyruvate. It may therefore be concluded that the citric acid cycle operates in the mammary gland. In contrast to minced pigeon-breast muscle, mammary gland slices oxidize pyruvate incompletely; the low ratio oxygen consumed/pyruvate metabolized suggests that a part of the pyruvate disappearing is not oxidized to carbon dioxide and water, but is metabolized by pathways other than the Krebs cycle.
Effect of DNP on pyruvate metaboliam. The acceleration of the respiration of mammalian tissue slices by dinitrophenols was first described by Dodds & Greville (1933) . As shown in the present paper, the increase in respiration caused by DNP is not accompanied by a corresponding increase in pyruvate utilization. The low ratio AQo,/Qp3rruvte, about 1 in the presence of pyruvate and fumarate, was increased to 1-5 to 2 on addition of DNP. This inhibitor has been shown to inhibit synthetic reactions in bacteria without interfering with oxidation (Clifton, 1946) and to uncouple phosphorylation from oxidation in homogenates (Loomis & Lipmann, 1948 
